Abstract: This paper presents energy and environmental performance analyses, a study of summer indoor temperatures and occupant behavior for an eight story apartment building, with the goal to combine high energy efficiency with low environmental impact, at a reasonable cost. Southern Portvakten building is built with prefabricated timber elements using passive house principles in the North European climate. Energy performance was analyzed through parametric studies, as well as monitored energy data, and complemented with analysis of occupant behavior during one year. Results show that airtight, low-energy apartment buildings can be successfully built with prefabricated timber elements in a cold climate. The monitored total energy use was 47.6 kWh/m 2 , excluding household electricity (revised to a normal year), which is considerably lower than of a standard building built today in Sweden-90 kWh/m 2 . However, the occupancy level was low during the analyzed year, which affects the energy use compared to if the building had been fully occupied. Environmental analysis shows that the future challenges lie in lowering the household and common electricity use, as well as in improving the choices of materials. More focus should also lie on improving occupant behavior and finding smart solar shading solutions for apartment buildings.
Introduction
The recast of the Energy Performance of Buildings Directive (EPBD), adopted by the European Parliament in May 2010, sets new targets for building energy efficient buildings [1] . It is a result of the tight goals set by the European Community to combat climate change and reduce the total energy use and environmental impact from the building sector [2] . For many years, low energy buildings have been built across Europe and evaluated by the property and research sectors. Lessons learnt from the first passive house residential building, completed 20 years ago in Germany [3] , have served as a basis for further development of energy efficient buildings, and since then, thousands of passive houses have been built around the world, but mostly in central Europe.
In Sweden, voluntary passive house criteria have been developed by FEBY (Forum for Energy Efficient Buildings) [4] . The criteria are based on the Passive House (PH) criteria developed by the Passive House Institute in Germany, but adapted to the Swedish building regulations and local climate conditions [5] . A summary of the voluntary Swedish Passive house criteria, version 2008:1, used during the project's development stage, is presented in Table 1 . The research object, Southern Portvakten in Växjö, is the first of its kind in Sweden, where timber as a construction material is combined with passive house principles for good energy performance in a high rise apartment building, eight stories high. In 1994, fire regulations for buildings in Sweden changed to being based on functional demands rather than on material demands, which was thanks to the changes in the European Directive for Building Products (89/106/EEC, with amendments 93/68/EEC) [6] . Besides low energy use, it was expected that by choosing timber as the construction material, the total environmental impact would be lower than from other low energy buildings built using other conventional materials for construction. Application of solid timber constructions is rare in high rise buildings. In the UK, a nine story-high apartment building was constructed in prefabricated cross laminated timber elements in 2009 [7, 8] . Even though the base cost of the timber construction was 10% to 20% more than of comparable reinforced concrete, the savings are seen in 30% reduced erection time, no need for storage on-site, which saves space and reduces on-site waste, and high repetition rate that provides for improved safety [9] . The CO 2 stored in the construction corresponds to the CO 2 emissions of 20 years of building operation [7] , but the saving could have been even greater if the building was constructed as a low energy building.
This paper presents an analysis of the energy and environmental performance of the research object, in comparison with if it was built using the technical system solutions of a reference building, Limnologen (95 kWh/m 2 a), built according to the local energy requirements, and if it was built as a conventional building, according to the Swedish national regulations issued in 1993, with changes in 2008, regarding building's energy performance (110 kWh/m 2 a) [10] .
Description of the Building
The research object, Southern Portvakten, situated in Växjö in southeast Sweden, is a pioneer project combining a load bearing system of mainly timber with passive house principles in a high rise building to achieve both low energy use and environmental impact. It is one of the two eight story high buildings that were designed and erected during 2006-2009. Both buildings have identical design of the building's envelope and structure and technical systems.
Building Envelope and Structure
Even if timber is the main load bearing material, the ground floor of the building, including structural elements as walls, slab-on-ground and the first intermediate floor are constructed in concrete in situ, mainly due to economic reasons and stability. All other floors are constructed with prefabricated timber elements, including the elevator shaft and the staircase area.
The exterior walls have a U-value of 0.11 W/m 2 K (including 13% of thermal bridges of the whole surface of the exterior walls), achieved by using 385 mm of insulation (mineral wool) in prefabricated timber wall elements and 390 mm of insulation (mineral wool) that covers the concrete walls of the ground floor. A cross section of the outer walls can be seen in Figure 1 [11] . between the timber joists and an additional 70 mm of insulation (mineral wool) continuously below the joists and above the suspended ceiling. There is no insulation between the ground floor and the first floor. The roof is pitched in two sides, with inclinations of 40° towards the south and 15.6° towards the north. The roof construction is prepared for installing solar cells for electricity production, which, due to the costs, have not been installed. All windows are operable, triple glazed, with krypton filling in both gaps between the glasses, one low-emissivity coating and one solar control glass coating. The windows have a light transmittance of approx. 54% and total solar energy transmittance of approx. 31%. There are no other sun shadings installed. The most common window size at Southern Portvakten is 988 × 1288 mm, with a U-value 0.98 W/m 2 K, while the balcony doors have a total U-value of 1.08 W/m 2 K. The high U-value of the windows can be explained by the large cost for specially produced, better performing windows on the Swedish market during the project's development stage. Due to an average U-value of the windows higher than 0.9 W/m 2 K, the research object does not meet the voluntary criteria for passive houses in Sweden. A summary of the U-value of the building envelope and structure can be found in Table 2 . Airtightness of the building's envelope was targeted to be 0.2 L/(s m 2 ), building envelope area at +/−50 Pa. Special attention was paid to developing good solutions for securing high airtightness of outer wall elements, their connections and sealing around the windows and doors, due to the specifics of the construction material and prefabrication system used. In an earlier study by Sherman and Chan [12] , it was observed that in multi-story buildings, the major leakage sources in the exterior walls are found to be windows, balcony doors and vertical shafts, in descending order of importance. Windows were therefore installed in the exterior wall elements at the factory, and the sealing system was tested before installing the wall element at the construction site. The airtightness was controlled for the building elements, in a laboratory setting and in two blower door tests of the partial and the fully constructed building. The blower door test for the whole building gave an average of 0.19 L/(s m 2 ) at +/−50 Pa. Overall accuracy of the measured air leakage rate is estimated to be within ±10 percent.
Building Services
The mechanical ventilation system includes one double plate air-to-air heat exchanger for the whole building; the technical specification can be found in Table 3 . The ventilation rates are dimensioned according to the volumes of the apartments, with the airflow ranging from 25 L/s (smaller apartment) to 28 L/s (larger apartment). The ventilation air flow in the staircase is 25 L/s. Waste water heat exchanger Designed to recover 1000 to 1500 kWh/apartment per year, depending on number of occupants and living habits [13] The building is connected to a district heating system, used for both domestic hot water (DHW) and space heating. The building's heating system consists of a central heating battery for the whole building and an individual supply air heating battery in every apartment for individual temperature regulation. All heating batteries are supplied with hot water from the district heating system. In total, the installed heating power in the building is 20 W/m 2 , which is higher than recommended by the Swedish voluntary passive house criteria. The building is connected to a waste water heat exchanger, which is also connected to waste water from the almost identical neighboring building.
Method and Limitations

Energy Performance Analysis
The energy performance analysis comprised of three parts. During the design stage, a parametric study was carried out through dynamic energy simulations conducted in DEROB-LTH (Dynamic Energy Response of Buildings) [14] , where, e.g., the effect of window type and shading solution, the efficiency of the heat exchanger and level of airtightness was studied. After completion of the building, a comparison between calculated and monitored energy performance and summer indoor temperatures, including analysis based on occupancy level, was performed. For both parts, the studied parameters were peak heat load, space heating demand and summer indoor temperatures. Finally, experiences with installed building service systems were analyzed on the basis of their effect on the overall building's energy performance.
The simulation tool DEROB-LTH v2.0 (Dynamic Energy Response of Buildings) [15] was used to explore the complex dynamic behavior of the building for different options. The building model was divided into volumes that represent apartments and the building staircase, where, within the tool, the number of volumes is limited to eight [16] . Parametric studies were performed for three separate cases: the bottom floor, the middle floor and the top floor. Individual results of the models were then compiled and analyzed for the whole building. It was assumed that the middle floor could represent the 2nd-7th floor of the building. DEROB-LTH does not examine thermal bridges separately, so they need to be included as part of the description for each building element. Thermal bridges in the building envelope were calculated by the building element producer and the construction company and used as input for the simulations. The local climate data for the simulations were compiled from the database Meteonorm [17] , where the closest available data of Jönköping airport was used.
Metering devices were installed to follow the energy performance of specific posts: energy needed for heating, domestic hot water (DHW), water circulation system and common electricity, on the level of the whole building. Each apartment was equipped with metering devices for measuring energy use for DHW, household electricity and indoor temperature. The monitoring was conducted by the building owner, and the research team was provided with adequate data. The measurement results were analyzed during the period of one year, starting three months after the building was set into operation and compared to the simulated energy performance. The first three months were not included in the analyses due to a number of adjustments of the building's technical system and low occupancy levels (see Table 4 ). In order to perform a valid comparison, both calculated and monitored energy performance results were normalized to a "normal" climatic year.
Indoor temperatures were analyzed for six apartments at different floors and orientation. It was interesting to examine the difference in indoor temperatures in apartments due to their orientation, floor level and changes in the outdoor temperatures, as well as exposure to solar radiation and risk for overheating during the summer months. For the assessment over the 12 month period, monthly average indoor air temperatures were used, due to the limitations of the monitoring devices to provide data in usable form for more frequent reading. However, summer indoor air temperatures were analyzed in more detail for two apartments, where highest indoor temperatures were expected, over a three month period, June, July and August. Daily average indoor air temperatures were used. Estimated internal heat gains from people and appliances in relation to different occupancy levels are presented in Table 5 . The energy simulations for different occupancy levels and their effect on the building's energy demand were carried out as a complementary analysis to the measured energy performance in order to investigate the influence of the low occupancy levels. A detailed analysis of internal heat gains was done for a fully occupied building (with average 1.8 people per apartment), a half occupied building (with average 0.9 people per apartment) and an empty building (no occupants), where basic appliances were in operation. The option with the empty building was used for comparison reasons. In reality, only the first month in operation, when the first inhabitants were moving in, the building had low occupancy level. In the future, it is not expected that such a situation would ever occur again. Parameters for internal heat gain analysis were acquired from earlier studies [18] [19] [20] [21] [22] [23] . This was compared to the maximum recommended internal heat gains in the Swedish voluntary passive house criteria of 4W/m 2 [5] . Internal heat gains were identified as from people, household electricity (appliances and lighting), common electricity, heating distribution system and heat losses from the DHW circulation system. 
Occupant Questionnaire
After one year in operation, a questionnaire was sent out to the inhabitants of the two Southern Portvakten buildings, the investigated building and the adjacent "twin" building. Due to the low occupancy levels, the questionnaire was sent out and analyzed for both buildings. The questionnaire was based on the Engvall/USK form Energy 02 [24].
Environmental Analysis
For the building's environmental performance analysis, the attributional LCA methodology was used, defined by its focus on describing the environmentally relevant physical flows to and from a lifecycle and its subsystems. The analysis had several boundaries: geographical for the production of the raw material (where Ecoinvent database in the GaBi professional database was used [25] ), electricity (where Nordic average data were used [26] ), district heating (where Swedish average data were used [26] ) and time, which was set to 60 years and excludes the decommission time. The environmental analysis focused on primary energy (PE) use and global warming potential (GWP). The analysis of PE use includes energy system chains from natural resources to useful energy services [27] and shows the energy use by different posts during the building's production or operation stages and a comparison between the analyzed building options, where the potential consumption and savings are achieved. GWP, on the other hand, gives an assessment of the impact the buildings create to the environment equivalent to CO 2 emissions. The global warming and increasing emission of GHG, particularly CO 2 , have become a major concern in the building industry and research community [28, 29] . The time frame of 60 years was used with the assumption that the building should be used for at least 60 years, and the results could be compared with other research results. The analysis did not include possible building renovations, changes in electricity mix over the years or climate change that might have an effect on the building's energy need. These aspects would not have significant effect on the comparison results, while they would require many assumptions to be made (all the buildings used in the comparison will be renovated more or less in the same way during the 60 year period, and the energy mix would change for all the buildings in the same way, while it is difficult to predict how this would change from today's perspective). Also, decommissioning of the building is left outside the boundaries of the study, since it is difficult to predict how the decommissioning will be done in 60 years, which would be the same for all the building cases analyzed.
Results
Energy Performance Analysis
Window type, size, shading options, gas filling and U-value have an impact on the building's energy performance and indoor temperatures [30] [31] [32] [33] . According to simulations, of four considered options, windows with solar control glass (final design solution) contribute to the best indoor climate, concerning indoor temperatures during the summer months, but at the same time, result in the highest space heating demand compared to the analyzed options (Figure 2 ). Better performing windows (with U-value 0.9 W/m 2 K and without solar shading) provide better energy performance, resulting in almost 1 W/m 2 (13%) lower peak load and 1.7 kWh/m 2 (18%) less space heating demand, compared to the chosen solution with solar control glass, but result in 3.5 °C higher indoor temperature during the summer. Windows (U-value 0.9 W/m 2 K and without solar control glass) with a fixed horizontal shading above the windows, 60 cm deep and same width as the windows, contribute to lower indoor temperatures during the summer, but cause a slight increase of the space heating demand (0.2 kWh/m 2 ), compared to if there were no fixed shading that would lower the effect of the free solar heat during the spring, autumn and winter months. This option was dismissed, due to difficulties in finding a good solution for fixing the shadings to the construction without causing additional thermal bridges and risk for moisture damage in the timber construction. However, vertical shadings, e.g., screens or venetian blinds, placed in the outmost air gap would be much more effective than a fixed horizontal shading [34] . A more detailed study on possible shading options was not performed within the project frame due to the policy of the Rental Housing Company in Växjö not to have any movable shading devices. No airing options were simulated in this case, which contributes to the unrealistic situation, since occupants would have never allowed for such high temperatures to occur. Maximum simulated indoor temperatures during the winter months were in the range of 22-24 °C, while the minimum indoor temperature was set to 20 °C. The maximum daily average outdoor temperature used in the simulation was 27.7 °C. The option of using the by-pass of the heat exchanger in the DEROB-LTH simulation was chosen. A more detailed analysis of the summer indoor temperatures was done, where different manual airing options (windows closed, windows 25% open and 50% open) were analyzed for every day between 17 h and 22 h during the period May 1 to September 30 [11] . Results showed no significant difference in indoor temperatures if the windows were 25% or 50% open. However, the simulations showed a risk of having two days with average daily indoor air temperatures above 26 °C. According to the Swedish National Board of Health and Welfare, maximum operative indoor temperature during summer months should be 26 °C, and only for short periods of time it is allowed to be 28 °C [35] . Having indoor air temperatures of 26 °C indicates a risk of getting operative temperatures at the same level or higher.
Changes in airtightness of the building's envelope have a large effect on the peak load and space heating demand (Figure 3 A 25% less efficiency of the air-to-air heat exchanger (from 85% to 60%) would result in a 4.5 W/m 2 (57%) higher peak load and a 11.3 kWh/m 2 (118%) higher space heating demand (Figure 4 ).
The installed double plate heat exchanger was designed to have 85% temperature efficiency, while in the winter months, approx. 30% of the air flow passes through the by-pass valve, which in the case of −5°C outside temperature would result in approx. 52% temperature efficiency of the heat exchanger. In extremely low outdoor temperatures, the air flow through the by-pass might need to be higher, in order to prevent the icing of the heat exchanger. A lower efficiency of the heat exchanger results in higher peak load and space heating demand. household electricity ( Figure 6 ). During the analyzed period, the building was on average 55% occupied (18 rented apartments). Building occupancy level has an impact on the total energy use of the building. Space heating demand, DHW and household electricity were adjusted to 100% occupancy level. Space heating demand is affected by internal free heat from people, where the parameters in Table 5 [Total El = 1040 kWh/(year, household) + 300 kWh/(year, person)]
In the revision of the measured energy use to 100% occupancy levels, energy use for common electricity was not adjusted to the full occupancy level, since it is difficult to predict the electricity use of the elevator, due to higher occupancy rate. Adjusted to the 100% occupancy level (for space heating demand, DHW and household electricity use), the building's total delivered energy would be 47.8 kWh/m 2 . This corresponds to 61.3 kWh/m 2 of weighed energy, according to the energy factors for different energy sources given in the Swedish Passive House criteria. The adjusted measured space heating demand is 5.4 kWh/m 2 (51%) higher, while household electricity use is 6 kWh/m 2 (30%) higher than the calculated values for a fully occupied building. The total amount of energy recovered from the waste water heat exchanger during the analyzed year was 0.62 kWh/m 2 , which is only 2.4% of the amount of DHW used. Due to low occupancy levels, the efficiency of the waste water heat exchanger could not be fully evaluated. The efficiency of the heat exchanger is dependent on the occupancy levels and occupant behavior, but also on the installation and location of the device. The producer recommends installation close to the source and within the building envelope, to achieve maximum heat reuse capacity. The installed heat exchanger is used for recovering heat from two buildings, placed in the ground between them. During the period 1 June-31 August 2010 the daily average indoor air temperatures were quite steady (22°C-27.4°C) compared to the daily average outdoor air temperature fluctuations (10 °C-25.3 °C). Two apartments at the topmost floor were analyzed in more detail (one towards SW and one towards NE), where the highest average daily indoor air temperature of 27.4 °C stayed for three consecutive days in the NE apartment, 11-13 July 2010, while in the SW apartment, the same temperature was recorded for only one day, 11 July 2010. Figure 7 shows the relationship between the indoor and outdoor air temperature during the analyzed summer period. Both apartments were used during the analyzed period (water and electricity use was recorded), which suggests that window airing was used for lowering the indoor temperatures in the SW apartment. During the period 1 January-31 December monthly average indoor temperatures were measured for six apartments on different floors and orientations. The monthly average indoor temperature was in the range of 19.3 °C to 25.9 °C, whereas monthly average outdoor temperatures were in the range of −7.4 °C to 18.8 °C During the first year in operation, many challenges with the installed systems were experienced: heating distribution to the top floors was insufficient; the control system for the by-pass in the air-to-air heat exchanger was adjusted several times during the winter season; the power of the central and individual batteries were adjusted several times; and the shunt unit at the central heating battery proved to be under-dimensioned.
Occupant Behavior
A questionnaire was sent out to the inhabitants of the two Southern Portvakten buildings after one year of occupancy. In total, 19 responses were received out of 39 that were sent out. The main conclusions from the questionnaire include that 14 out of 19 manually ventilated the apartment, by opening a window or the balcony door, on a daily basis during the heating season. Also, the possibilities for individual control of the indoor air quality by adjusting the ventilation system were considered to be rather poor, very poor or with no possibility, by 12 out of 17 responses. Own kitchen smells bother 14 out of 19 responses, although there is a possibility for forced ventilation above the stove. On average, the air quality in the apartments was considered as rather good to very good, where no one experienced the air quality to be very bad in any of the rooms, except one inhabitant that thought the air quality in the bathroom was very bad. Furthermore, condensation on the outside of the window glass often bothers nine inhabitants and sometimes bothers six inhabitants out of 18 that have replied to that question.
Environmental Analysis
The Life Cycle Assessment (LCA) shows that the focus changes from the need to further lower the energy use for heating to other energy related aspects. The overall primary energy use of the Portvakten building during 60 years of operation was analyzed and compared with if it was built as a reference (Limnologen) or a conventional building. The construction of the three buildings is assumed to be the same (timber frame construction), adjusted for the thermal performance of the building envelope needed to satisfy their respective energy demand. The main difference in the installations of the three buildings is for space heating, where, in the Portvakten building, an air-to-air heat exchanger with 85% efficiency rate was used, in Limnologen, an air-to-air heat exchanger with 83% efficiency rate was used, and in the conventional building space, heating is provided using radiators connected to the district heating system, with an extract air ventilation system. In low energy buildings, the single biggest environmental impact comes from household electricity use. A fraction of the additional energy used to produce building elements for low energy buildings, compared to contemporary buildings, in combination with higher electricity use for fans and pumps (conventional buildings often use less energy for fans and pumps, if any), result in significant primary energy savings related to the significantly reduced energy used for heating. In a conventional building, built according to the Swedish building norms, the material extraction and production is in relative terms not important in the same way, due to the high energy use for heating; see Figure 8 . All compared buildings are supplied with heating and hot water from the district heating system. When analyzing the GWP, the tendency is the same as for primary energy. The increased environmental impact for the extra material needed to achieve an energy-efficient building is negligible; see Figure 9 . At Portvakten, the materials used for the heating installations have less impact, since there is no need for radiators or floor heating installations, as compared to if technologies, as in Limnologen or the conventional building, where used. [21, 32, 36] . The differences were also noted in the first passive houses built in Germany [3, 37] . However, measured energy use for heating was significantly lower than the Swedish national code at the time of construction, 110 kWh/m 2 [10] , and revised, 90 kWh/m 2 [38] , and of the existing multifamily housing stock, 125-165 kWh/m 2 [36] .
Discussion and Conclusions
Parametric studies showed that the choice and functioning of the building elements and technical solutions can have a significant impact on the energy performance. Solar control glass showed to be the best available shading option for the research object. This was at the cost of higher peak load and space heating demand, but also has consequences on possibly higher electricity use for lighting during the cloudy and winter periods. Building's envelope airtightness has a significant impact on the energy performance, which can also indicate that user behavior and long-term manual airing of the apartments, even as a small window opening, can have a significant effect on the heating energy use. Heat exchanger efficiencies are significantly affected by infiltration and exfiltration, especially during the winter months [39] , indoor and outdoor temperatures, air humidity, airtightness of the building envelope and by-pass options (for minimizing the risk of freezing of the heat exchanger). A 25 percentage units less efficiency of the heat exchanger can result in over a doubled space heating demand. Energy simulations show that the influence of a half occupied building compared to no occupants has greater effect on the building's energy performance (14.7 kWh/m 2 compared to 25.1 kWh/m 2 ) than of a fully occupied building compared to half occupancy (10.6 kWh/m 2 compared to 14.7 kWh/m 2 ). This is due to internal free heat from household appliances and DHW circulation losses, which occur even if only a few people live in the building. The assessment of available internal heat gains in the analyzed building (fully occupied) for the calculation of the peak load, showed to be in line with the recommended values in the voluntary Swedish Passive House criteria, 4W/m 2 . Due to the fast development of technical building systems and household appliances, internal heat gains might change for residential buildings in the future. In addition to internal heat gains, solar gains should be taken into account when simulating the space heating demand and indoor temperatures. Low energy buildings have a significant impact on lowering the primary energy use and global warming potential, primarily during the operation period through lowering energy need for heating. The results showed a clear need for moving the focus from minimizing the heating demand to household electricity, which requires action both in developing energy-efficient and smart appliances, and changing user behavior. The study did not include a comparison in primary energy use and GHG emissions if other construction materials were used, like concrete or steel, where previous studies have shown a significant advantage of using timber frames in favor of concrete frames [40] .
Measured daily average indoor air temperatures (1 May-30 September) were quite even in the analyzed apartments, regardless of the orientation or floor. Measurements registered a three day consecutive occurrence of average indoor temperatures above 26 °C in one of the analyzed apartments, which fit quite well with the simulation of manual airing with 25% windows open. Still, the summer of 2010 was somewhat colder (in May and August) compared to a normal year.
Occupants might have a big influence on the building's energy performance and functioning of the ventilation and heat exchange system. This is especially true during the winter, when most of those that responded to the questionnaire regularly manually ventilate the apartment, even when the indoor temperature is, by some, experienced as low. Higher space heating need can be explained by the energy loss created by regular window airing of the apartments by the majority of the inhabitants that responded to the questionnaire. The air quality in the apartments should be analyzed to confirm the experiences of the inhabitants with own kitchen smells that might be the cause to often use window airing.
Experiences from this project show that the first year in operation is not the ideal year for drawing conclusions if the constructed building meets the design targets, especially if the building systems and solutions are unique. Fully functioning technical systems, as well as high occupancy level, is crucial for energy performance analysis, since it is assumed that during most of the building's lifetime, those two aspects would be met.
To conclude, it is possible to construct and build low energy multifamily buildings in prefabricated timber elements. Several aspects may contribute to better energy performance of the Southern Portvakten building: optimal mechanical system adjustments, full occupancy, improved user behavior with reduced window airing during the winter months, as well as use of low energy lighting and household appliances. None of these measures require large interventions or financial investments.
